INTRODUCTION
The use of autonomous replicons derived from plasmids and bacteriophages in the construction of cloning vectors for use in prokaryotic cells has been essential to the revolution in biological knowledge which has occurred since the advent of recombinant DNA technology. A large variety of such prokaryotic vectors, many of them tailored to particular experimental purposes, is now available. When applied in concert these vectors enable the isolation of any gene, given a suitable screening or selection procedure; they facilitate the determination of its nucleotide sequence and they can be employed to force the expression of some genes in foreign environments. Such studies have revealed many surprising features of the organization of eukaryotic genes and it has been possible, by comparing the nucleotide sequences of putative control regions, to identify elements likely to be involved in the mechanism or regulation of gene expression; for example, the sequence TATA(A/T)A(T/A), or a variant thereof, is found approximately 30 nucleotides upstream of the initiation site of most RNA polymerase II transcription units (Goldberg, 1978; Corden et al., t 980) and has therefore been implicated as a part of eukaryotic promoters. It has similarly been possible to identify consensus sequences associated with the polyadenylation of mRNA and with RNA splicing. However, mere inspection of nucleotide sequences can not prove a relationship between structure and function and it is clear that comparative sequence analysis will never reveal all aspects of gene structure and function. Functional assays for gene expression which permit genetic analysis are absolutely required if our ever-increasing knowledge of gene structure is to be correlated with biological function. If the 'TATA' sequence is crucial to the correct initiation of transcription by RNA polymerase II, then mutations in this sequence must disturb initiation and it is only by exploring the effects of a large number of such mutations that we can learn the precise requirements of such putative control sequences. There now exist many techniques for the precise mutation of cloned genes in vitro so the generation of the requisite mutants is not a limiting factor. Such mutants must, however, be analysed in a system which is biologically significant; one must be able to return the cloned gene and its mutant derivatives to an environment which mimics as closely as possible that in which the gene normally functions.
In vitro systems for gene expression are clearly very convenient technically and are absolutely required for the final characterization of a system in which accurate expression and correct regulation are reconstituted from purified components. However, it is not at all clear that such in vitro systems are ideal for initial studies. For example, there now exist in vitro systems for the transcription of cloned genes by RNA polymerase II, but such systems are restricted to initiation; correct termination and/or polyadenylation have not been documented and there are no convincing data for in vitro splicing. It is also likely that such systems, in which the template for transcription is naked DNA, will not be useful for the study of regulatory phenomena which depend on chromatin structure. What is required is the development of procedures by which cloned genes can be reintroduced into cultured eukaryotic cells and these procedures should ideally be general, so that each gene can be transferred into the cell type is which it is normally expressed. Appropriate vector systems must thus be developed and in the absence of welldefined plasmid DNAs in eukaryotic cells animal viruses have provided the obvious basis for such vectors. The need for, and utility of, such in vivo assays for gene expression is exemplified by 0022-1317/83/0000-5459 $02.00© 1983 SGM p.w.j. RIGBY the fact that particular mutations in the promoter of the early transcription unit of simian virus 40 (SV40) have different effects when assayed in vivo and in vitro (Benoist & Chambon, 1981 ; Mathis & Chambon, 1981) .
The general principles governing the manipulation of eukaryotic viral genomes during vector construction are closely analogous to those which have been employed during the development of the extensive series of bacteriophage 2 vectors currently available (Williams & Blattner, 1980; Brammar, 1982) . The vector genome must be easily manipulated, it must contain convenient sites for the restriction enzymes used in cloning and the location of these sites with respect to vector control sequences must be well understood. This last point is of crucial importance because the primary requirement for any eukaryotic cloning vector is that efficient expression of the inserted gene be guaranteed. As with bacteriophage vectors, many animal virus vectors are subject to rigid packaging constraints. This is a particular problem when the vector is to be used to analyse the expression of eukaryotic genes because many chromosomal genes are very large, for example the mouse dihydrofolate reductase (DHFR) gene is longer than 42 kb (Nunberg et al., 1980) . Such genes can therefore only be carried in viruses, for example herpes simplex virus (HSV), capable of packaging a large genome and the large size of the viral genome and its complex pattern of gene expression introduce technical problems in its use as a vector. In order to avoid such packaging constraints, it is highly desirable to develop vectors which replicate episomally and thus do not need to pass through an infectious virion. The restricted host range of most animal viruses also presents a problem; the ideal vector would be capable of delivering the cloned gene into many specialized cell types derived from various species. Considerable emphasis has therefore been placed upon techniques for introducing unpackaged DNA into cultured eukaryotic cells.
The most commonly employed procedure is to co-precipitate the DNA with calcium phosphate (Graham & van der Eb, 1973) , a technique generally referred to as transfection, even in the many cases in which it does not lead to an infection. There are laO in vitro packaging systems for animal viruses, so even in those cases in which the recombinants are to be propagated as infectious virions the initial infection must be done by DNA transfection. When virions are produced, the efficiency of transfection is not a limiting factor as the recombinant virions can subsequently be used to guarantee efficient infection. However, if the recombinant can not pass through the viral life cycle and is to be replicated episomally or as a chromosomally integrated segment, the efficiency of transfection can be limiting. Moreover, recent years have seen the extensive use of so-called transient expression assays in which the recombinant DNA is transfected into animal cells and the expression of the exogenous gene(s) is assayed a few days later. In such systems, DNA replication is not required and again efficient transfection is vital. Subtle technical changes in the original co-precipitation procedure can considerably increase the percentage of cells which take up DNA (Chu & Sharp, 1981) but many cells are extremely refractory to transfection. The most promising procedure for circumventing this problem is protoplast fusion (Schaffner, 1980) in which protoplasts derived from Escherichia coli carrying the recombinant DNA molecule are fused with cultured eukaryotic cells using polyethylene glycol. Rassoulzadegan et al. (1982) have refined this technique so that all of the cells in the culture take up and express the exogenous DNA.
Although transient expression assays are very convenient, in many cases one wishes to construct a cell line which stably expresses the foreign gene. Even with the availability of highly efficient gene transfer techniques this requires selective systems, analogous to those used in prokaryotic cloning, which ensure that only those cells which have taken up and are expressing the foreign DNA survive. The development of such selective systems will be a particular focus of this review. An inherent disadvantage of most virus vectors is that they lead to the death of the infected host cell. Virus vectors which pass through the lytic cycle can be advantageous when the object is high-level expression of a gene product, but in many cases it is preferable to construct a cell line which stably expresses the foreign gene, thus obviating the need for repeated viral infections and I shall discuss several procedures for achieving this objective. It is not possible in this short review to discuss in detail all of the animal virus vector systems which have been described. I shall concentrate on defining the basic principles which govern the use of animal virus genomes as vectors and on reviewing some recent results which illustrate what appear to be the most profitable routes for future research. The use of SV40 as a cloning vector has been considered in detail by Elder et al. (1981) and I have recently discussed at much greater length many of the points covered in this review (Rigby, 1982) . There is also an up-to-date monograph which considers all aspects of the design and use of eukaryotic virus vectors (Gluzman, 1982) .
Vectors for the propagation of recombinant genomes as virions
SV40 was the first eukaryotic DNA virus for which a complete nucleotide sequence and a detailed understanding of its transcription were available (Tooze, 1981) so it is not surprising that this virus formed the basis of the first eukaryotic cloning vehicles. The genome of SV40 contains very little non-essential DNA so it is necessary to insert the foreign gene in place of essential viral genes and to propagate the recombinant genome in the presence of a helper virus. The original procedure for doing this was to perform a mixed infection between a recombinant in which viral late gene expression is defective and a helper virus carrying a temperaturesensitive mutation in an early gene. Following infection at the non-permissive temperature, growth can occur only by complementation between the helper virus, which provides late functions, and the recombinant, which provides early functions. Early work using this approach (Goff & Berg, 1976 Hamer et al., 1977) showed that the SV40 replicon could be used to propagate foreign DNA in cultured eukaryotic cells but expression of the inserted DNA was not observed. This lack of expression was readily explained by the knowledge that SV40 late mRNAs are spliced; in the first generation of late replacement vectors the splicing signals of the late transcription unit were deleted. Once the location of the splice junctions had been established, it was relatively straightforward to design vectors which ensured that transcription from the SV40 late promoter yielded hybrid mRNAs which were properly processed and expression of the inserted gene was then observed (Mulligan et al., 1979) . Such late replacement vectors have been used to transduce into cultured eukaryotic cells a variety of genes and cDNAs, for example those coding for rabbit fl-globin (Mulligan et al., 1979) , mouse c~-and fl-globins (Hamer & Leder, 1979a, b, c; Hamer et al., 1979 Hamer et al., , 1980 , rat preproinsulin , the surface antigen of human hepatitis B virus (Moriarty et al., 1981) and the haemagglutinin of influenza virus (Gething & Sambrook, 1981 ; Sveda & Lai, 1981 ; Hartman et al., 1982) . In general, foreign genes have been inserted into the late region of SV40 because higher levels of expression are obtained from the late promoter than from its early counterpart. However, an alternative strategy for the provision of helper function has recently given an added dimension to the use of early replacement vectors. CV-1 cells, a line of African green monkey kidney cells, are permissive hosts for SV40 and so to obtain transformation it is necessary to inactivate viral DNA replication by mutating either the gene for large T-antigen (the viral protein involved in the initiation of viral DNA replication) or the viral origin. Gluzman (1981) introduced into the origin a deletion which does not affect the early promoter and then used this cloned early transcription unit to transform CV-1 cells. The resultant COS cells synthesize both functional large T-antigen and the permissivity factors required for efficient viral DNA replication yet the origin deletion means that the resident viral genome can be neither replicated nor rescued. Recombinant viruses in which the foreign gene has been inserted into the early transcription unit will thus replicate in COS cells under the influence of the large T-antigen synthesized from the integrated viral sequences (Gething & Sambrook, 1981) . This system has the considerable advantage that a pure recombinant virus stock can be produced, an advantage that for many purposes outweighs the lower level of expression obtained from the early promoter.
However, all work using SV40 virions to propagate recombinant DNA molecules is severely constrained by the facts that the viral genome is small, 5.24 kb, and that the packaging limits are strict. Such systems can not, therefore, be used for the analysis of most eukaryotic genes and much recent work has therefore been concentrated on the development of the episomal and integrating SV40 vectors discussed below.
Human adenoviruses have been intensively studied in recent years because of the inherent interest of their molecular biology and because they are tumour viruses. The large amount of background information that has been acquired (Tooze, 1981) is now being applied to the development of adenovirus vectors. The manipulation of the adenovirus genome is intrinsically more difficult than the manipulation of SV40 DNA because the former is considerably larger (approximately 35 kb), it is linear and it carries a covalently attached terminal protein. The larger size of the adenovirus genome means that it generally contains multiple sites for the restriction endonucleases used in cloning and thus, in order to manipulate the genome effectively, it has been necessary to eliminate certain restriction sites. This has been achieved by the adaptation to adenoviruses of the techniques so effectively utilized for the construction, in vitro, of deletion mutants of SV40 and by the exploitation of the observation that adenovirus stocks contain variants, lacking restriction sites. These variant adenovirus genomes can be isolated following successive cycles of restriction and re-ligation (Jones & Shenk, 1978 . Another major development in the use of adenoviruses as vectors is due to the work of Stow (1981) who showed that cloned viral DNA fragments can be reintroduced into viral genomes. It is possible to clone a DNA fragment from the left terminus of adenovirus 2, mutate it in vitro and then reincorporate it into a virus by ligating it to a large DNA fragment, containing the rest of the viral genome, derived from the adenovirus 5 deletion mutant dl309 (Jones & Shenk, 1979) which contains a single XbaI site. Adenoviruses have a mechanism by which one of the inverted terminal repeats can be restored so long as the other is intact and thus in such constructions it is not necessary to separate the manipulated terminal fragment from the plasmid vector (Stow, 1981 (Stow, , 1982a . In this way it should be possible to construct, by manipulation in E. coli, hybrid transcription units in which foreign genes are placed under the control of the adenovirus E1 early transcription unit, which occupies the left-terminal 12~ of the genome, and then to reincorporate them into intact adenoviruses; similar procedures could be developed for other regions of the adenovirus genome. Insertion of foreign DNA will inactivate the E1 region but helper function can be provided by the integrated adenovirus sequences carried in the chromosomes of strain 293 cells (Graham et al., 1977) . These are human embryonic kidney cells transformed by sheared adenovirus 5 DNA and which express El functions. The application of presently available gene transfer techniques will allow the construction of other cell lines in which the adenovirus functions required to help recombinant viruses are provided from chromosomally integrated sequences (Grodzicker & Klessig, 1980) . Adenoviruses have already been used as vectors in order to obtain the expression of large amounts of SV40 large T-antigen (Thummel et al., 1981 ; Solnick, 1981) . In these experiments less precise vector design can be employed because the desired recombinants can be selected genetically. The infection of monkey cells by human adenoviruses is abortive but the block can be overcome if the cells are co-infected with SV40 (Tooze, 1981) ; adenovirus-SV40 hybrid viruses which express at least the C-terminal portion of SV40 large T-antigen can thus grow in monkey cells. Expression of the large T-antigen gene from the adenovirus major late promoter results in the synthesis of large amounts of the protein thus facilitating its purification and analyses of its biochemical functions (Myers et al., 1981) .
Retroviruses have single-stranded RNA genomes and would thus at first sight appear to be unpromising candidates as vectors but the peculiarities of the retrovirus life cycle mean that these viruses provide perhaps the most promising vector system of all. During the process of reverse transcription, which generates double-stranded proviral DNA, sequences from the termini of viral RNA are duplicated to generate the long terminal repeats (LTRs). These LTRs contain both the promoter and the polyadenylation signal for the transcription of viral mRNAs and of genomic RNA and also determine the specificity of proviral DNA integration (Weiss et al., 1982) . Although retroviruses can integrate at many sites within the cellular genome, integrative recombination always occurs at particular sites at the ends of the LTRs and thus one can be assured that sequences appropriately inserted between the two LTRs will be integrated intact. This contrasts sharply with the integration of papovavirus or adenovirus DNA, during which extensive rearrangements of the integrated viral sequences are commonplace. A further great advantage of retroviruses is that they are natural transducing viruses. The strongly transforming retroviruses which have been so intensively studied in recent years were generated by the incorporation of cellular genes, or of mRNA transcripts thereof, into non-transforming, replication-competent retroviruses. Analyses of the structure and expression of the genomes of transforming retroviruses (Weiss et al., 1982) have thus served to define in considerable detail the rules governing the expression of foreign genes incorporated into retrovirus genomes. Additional advantages of retroviruses are that they have relatively wide host ranges, which can be extended by pseudotyping, and that retrovirus infection does not lead to immediate cell death. Cells transformed by retroviruses continue to grow and divide while producing large amounts of infectious virions. Several groups have now described model experiments in which foreign genes have been incorporated into retrovirus genomes by in vitro manipulations. The favourite foreign gene has been the thymidine kinase (tk) gene of HSV, because expression of this gene can be selected for after infection or transfection of tk-cells. Wei et al. (198l) , Shimotohno & Temin (1981) and Tabin et al. (1982) have used Harvey murine sarcoma virus, spleen necrosis virus and Moloney murine leukaemia virus, respectively, as vectors to construct recombinant genomes capable of transducing the HSV tk gene. The recombinant genomes thus produced are, like most strongly transforming viruses, replication-defective because the exogenous gene is inserted in place of one or more of the viral genes required for replication. Such recombinant genomes can be introduced into cells by transfection and the recombinant virus subsequently rescued from the integrated state by superinfection with a replication-competent helper retrovirus.
The HSV tk gene does not contain introns and its expression therefore requires no additional processing steps. Because of the established relationship between the oncogenes carried in transforming retroviruses and the cellular proto-oncogenes from which they are derived (Weiss et al., 1982) it seemed likely that the incorporation of an intron-containing gene into a retrovirus vector should lead to the elimination of the introns. Shimotohno & Temin (1982) have shown that this is indeed the case. They cloned the mouse c~-globin gene, which contains two introns, into their spleen necrosis virus vector and demonstrated that the two introns are precisely excised. Thus the use of retrovirus vectors will not be confined to cDNA or to intronless genes.
Thus far, retroviruses have only been used as vectors for genes which had previously been isolated by cloning in E. coli. However, the fact that retroviruses express foreign genes so efficiently means that they have considerable attraction for the development of systems in which the foreign gene is recognised by virtue of its expression in eukaryotic cells. One can confidently expect the construction of retrovirus vectors suitable for use in primary cDNA cloning experiments.
Recent work has shown that herpes simplex and vaccinia viruses may also form the basis of useful vector systems. In both of these cases the viral genome is extremely large and our understanding of its expression is limited but, as noted above, vectors derived from such viruses may be necessary to analyse the expression of very large eukaryotic genes. Studies of the defective genomes generated during the repeated passage of HSV stocks have allowed Spaete & Frenket (1982) to define a cloned segment of HSV DNA which will both replicate in cells coinfected with a helper virus, which provides viral DNA replication functions, and become packaged into viral particles. Stow (1982b) has cloned a small fragment of HSV type 1 DNA which contains a viral origin of DNA replication but not the packaging signals and shown that plasmids carrying this fragment will replicate in HSV-infected cells. Further definition of the precise sequence requirements for HSV DNA replication and packaging, and the incorporation into such recombinants of well-characterized promoters, should lead to the development of effective vector systems. Panicali & Paoletti (1982) have shown that it is possible to construct recombinant poxvirus genomes although in this case, because poxvirus DNA is non-infectious, it is necessary to perform the final stage of construction by in vivo recombination. They inserted the HSV tk gene into a cloned segment of vaccinia DNA and demonstrated that if the resulting plasmid is transfected into vaccinia virus-infected cells, infectious virions carrying the HSV tk gene are produced and the tk gene is expressed in cells infected by such recombinant virions.
Virus-based vectors which replicate episomally
The development of vectors which replicate episomally in eukaryotic cells would be of great advantage because such vectors are not subject to packaging constraints nor need they lead to the production of infectious virions and thus it should be possible to use them to construct stable cell lines which express the gene of interest.
Papillomaviruses are quite distinct from the related papovaviruses in that papillomavirustransformed cells do not contain integrated viral DNA Moar et al., 1981 a, b) . Rather, they contain between 50 and 300 copies of unintegrated, circular viral DNA although some proportion of these viral genomes exists as concatamers and/or catenates. The virus which has received most attention as a vector is bovine papillomavirus type l (BPV-1), which can efficiently induce the morphological transformation of the C 127 line of mouse fibroblasts. Only 69~ of the viral genome is required for transformation (Lowy et al., 1980) and Sarver et al., (1981 a, b) showed that this fragment could be used as a vector to introduce the rat preproinsulin gene into C127 cells. The transformed cells contained the recombinant genome as an episome, synthesized preproinsulin mRNA which had authentic 5' termini and secreted proinsulin into the culture medium. Similar constructions have been performed by Zinn et al. (1982) using the human fl-interferon gene; the transformed cells synthesize and secrete human fl-interferon and, interestingly, transcription of the interferon gene can be induced by poly(I)-poly(C). In all such work, the BPV-1 vector fragment is propagated as a plasmid clone in E. coli and the plasmid vector sequences must be removed prior to the transformation of C 127 cells because they inhibit this process. It would clearly be advantageous to have a shuttle vector which can replicate efficiently in both eukaryotic and prokayotic cells. DiMaio et al. (1982) have described just such a vector in which the transforming fragment of BPV-1 is linked to a plasmid which was derived from pBR322 by the deletion of those plasmid sequences which inhibit SV40 DNA replication in eukaryotic cells (Lusky & Botchan, 1981) . This vector replicates efficiently in both cell types and has been used to construct lines of BPV-l-transformed C127 cells which efficiently express the human fl-globin gene from episomally replicating recombinant genomes (DiMaio et al., 1982) .
The SV40 replicon has also been used as the basis of episomal vector systems. These exploit the COS cells constructed by Gluzman (198 l) which, because they contain functional large Tantigen and the permissivity factors required for viral DNA replication, should replicate any DNA molecule containing a functional SV40 origin of DNA replication. Myers & Tjian (1980) showed that COS cells will indeed replicate plasmid DNAs containing the SV40 origin of DNA replication on an 85 base-pair fragment. This replication is, however, relatively inefficient if the plasmid vector is pBR322 because this plasmid contains sequences which inhibit SV40 DNA replication in eukaryotic cells. Lusky & Botchan (1981) have characterized derivatives of pBR322 from which this 'poison sequence' has been deleted and SV40 origin-containing recombinants based on such vectors replicate efficiently following transfection into COS cells. Mellon et al. (1981) and Humphries et al. (1982) have used this system to study the transcription of human globin genes and have showed that they are efficiently transcribed to yield RNA indistinguishable from authentic globin mRNA.
The COS cell system has the advantage that the recombinant genome replicates to high levels, giving 200 000 to 400 000 copies per transfected cell (Mellon et al., 1981) , thus greatly facilitating analysis of the transcription of the inserted gene. However, transfection of COS cells does not lead to the establishment of stable cell lines, presumably because the accumulation of so much extra-chromosomal DNA is lethal and thus the BPV-l-based vectors appear to be the best available compromise between high levels of expression and the construction of stable cell lines.
Dominant seleetable genes
The use ofE. coli as a host for recombinant DNA molecules would not have been possible if it had not been for the availability of dominant selectable genes, most notably those encoding antibiotic resistance, which allow selection of cells which have taken up foreign DNA. Transfection of DNA into eukaryotic cells is also an inefficient process and there is thus the same need for selectable markers. The selection system which has been most widely used depends upon the tk gene of HSV and tk-mutant cells (for review see Scangos & Ruddle, 1981) . If a cloned tk gene is co-transfected with a clone containing the gene of interest, cells selected for growth in HAT medium are found to have incorporated and to be expressing not only the tk gene but also the non-selected marker. However, this system is restricted in its applicability because it requires tk-mutants, the isolation of which is not a trivial proposition. Ideally, one requires selectable genes which are genetically dominant and can thus be used in any cell type.
Berg and his colleagues have recently developed two such systems in which genes of bacterial origin are carried within vectors derived from SV40. The selectable gene is expressed from the SV40 early promoter and two other segments of viral DNA are positioned at the 3' end of the gene. One contains an intron from the SV40 early transcription unit, thus endowing the hybrid mRNA with a functional splicing site, a feature which in some (Gruss et al., 1979; Gruss & Khoury, 1980) but not all (Gething and Sambrook, 1981; Gruss et al., 1981b; Sveda and Lai, 1981 ; Treisman et al., 1981) cases is required for the efficient expression of genes in eukaryotic cells, the other containing the polyadenylation signal from the same transcription unit. These pSV series vectors also contain a segment of pBR322 DNA including the ampicillin resistance gene and the plasmid origin of DNA replication thus allowing propagation in E. eoli and in some cases contain a functional SV40 or polyoma virus early region, together with an origin of DNA replication, thus allowing replication in the appropriate permissive eukaryotic cells.
The first selectable marker was the E. eoli gpt gene which encodes the enzyme xanthineguanine phosphoribosyltransferase (XGPRT), which is the prokaryotic analogue of the mammalian enzyme hypoxanthine-guanine phosphoribosyltransferase (HGPRT). Mulligan & Berg (1980) originally cloned this gene into an SV40 late replacement vector and showed that CV-1 cells infected with the recombinant virions synthesize considerable amounts of the E. coli enzyme, which can be distinguished from its eukaryotic counterpart by its electrophoretic mobility and its insensitivity to inhibition by hypoxanthine. If cultured eukaryotic cells are treated with mycophenolic acid, an inhibitor of IMP dehydrogenase, they can not produce GMP unless the medium is supplemented with guanine and either hypoxanthine or adenine. The inhibition is not overcome if the medium is supplemented with adenine and xanthine because the mammalian HGPRT can not convert xanthine to XMP and thus GMP can not be produced. However, a cell expressing the E. coli XGPRT can utilize xanthine and escape from the mycophenolic acid inhibition, thus allowing the selection of cells expressing the gpt gene . Co-transfection followed by selection for gpt expression thus allows the introduction of foreign genes into any cell type.
A second, and perhaps technically more straightforward, system employs the aminoglycoside 3'-phosphotransferase gene from the E. coli transposon Tn5. When expressed in E. coli, this enzyme confers resistance to neomycin and kanamycin. Jiminez & Davies (1980) showed that a similar enzyme encoded by Tn601 will, when expressed in yeast, confer resistance to the 3'-deoxystreptamine antibiotic G418, which inhibits protein synthesis in eukaryotic cells, and thus provides a dominant selectable system. Colbere-Garapin et al., (1981) showed that expression of the bacterial gene in transfected eukaryotic cells could be achieved when it was fused to the promoter and polyadenylation signal of the HSV tk gene and that cells selected for G418 resistance will incorporate and express a co-transfected DNA. Southern & Berg (1982) have described a set of pSV series vectors in which the selectable gene is that encoding the phosphotransferase and have also shown that this system provides a generally applicable dominant selectable marker. A particular feature of this system is that the same gene can be used as a selector in E. eoli, yeast and higher eukaryotic cells. C anaani & Berg (1982) have used pSV series vectors carrying the phosphotransferase gene to insert a human//-interferon gene into mouse and rabbit cells. They showed that the inserted gene is expressed and, as was the case with the BPV-1 recombinants discussed above, that expression can be induced by poly(I), poly(C). Schumperli et al. (1982) have used the gpt system to insert the E. eoli galactokinase gene into mammalian cells and, in an experiment of particular interest, have shown that expression of the bacterial enzyme can overcome the genetic defect in galactokinase-defective hamster ceils.
The CAT and DHFR systems
The definition of eukaryotic promoters has turned out to be an extremely complex task. It appears that at least two classes of transcriptional control elements can be distinguished.
'Minimal' promoters contain all of the sequences required to allow the correct initiation of RNA polymerase II transcription in vitro; the action of such elements is highly dependent upon their position relative to the structural gene and absolutely dependent upon their orientation. Enhancers are elements which increase the level of transcription from a 'minimal' promoter in vivo; in some cases enhancer sequences are absolutely required for in vivo expression (Banerji et al., 1981 ; de Villiers & Schaffner, 1981 ; Moreau et al., 1981 ; Levinson et al., 1982; Conrad & Botchan, 1982) . The striking feature of enhancers is that their action is positionand orientation-independent. These crude definitions should not be taken to imply that promoters and enhancers may not in some cases be interdigitated, or even coincident, nor that there may not be additional elements required for maximal transcription in vivo. However, it is clear that these two separable functions must be assayed separately.
To detect promoter function, one requires an easily assayable gene from which the normal promoter has been removed and on to which other promoters can be joined in such a way that they can be expected to drive the transcription of the assayable gene. The tk gene of HSV has been widely used for such purposes, the assay being the transformation of tk-cells to the tk ÷ phenotype. However, this assay is indirect because there are many steps between the transcription of the tk gene and the appearance of a focus of transformed cells and also because expression of the tk gene is subject to cellular regulation. Gorman et al. (1982a) have described an elegant assay system for promoter function which depends upon the gene from the transposon Tn9 which encodes chloramphenicol-acetyltransferase (CAT), the enzyme which inactivates chloramphenicol by acetylating it. This gene can be expressed from eukaryotic promoters and there is a simple and sensitive assay for enzymatic activity which, because eukaryotic cells never express this enzyme, has no background. Gorman et al. (1982a) have constructed a series ofpSV series vectors carrying the CAT gene and shown that enzymic activity can be detected in a variety of eukaryotic cells following transfection of pSV2CAT in which expression is driven by the SV40 early promoter, pSVOCAT lacks a functional promoter but contains a HindIII site immediately upstream of the CAT structural gene. This vector has been used to assess the strength of a variety of eukaryotic promoters (Gorman et al., 1982a, b) . It is also possible that CAT expression could provide the basis of a dominant selection system but this point has not yet been tested.
The mouse dhfr gene has also been used as the basis for a selectable system. Subramani et al. (1981) have cloned mouse dhJr cDNA in both SV40 late replacement vectors and in pSV series plasmid vectors. Transfection of pSV2dhfr into DHFR-negative CHO cells allows the selection of DHFR-positive clones which by virtue of their expression of the exogenous gene can grow in the absence of thymidine, glycine and purines. Although this system is not dominant it has one considerable advantage. In cells selected for resistance to the antifolate drug methotrexate, a major cause of resistance is the synthesis of very large amounts of wild-type DHFR because of gene amplification. Schimke et at., (1981) have shown that the amplificationunit is very large, including considerable amounts of DNA flanking the dhfr gene.One might therefore expect any gene linked to dhfr to become amplified during selection for methotrexate resistance. Kaufman & Sharp (1982) have exploited just this strategy. They added a promoter and splicing signals to a mouse dhfr cDNA clone, linked this construct to the entire SV40 genome and then transfected the resultant hybrid DNA molecules into DHFR-CHO cells, selecting firstly for the expression of DHFR and secondly for methotrexate resistance. In this way they succeeded in generating a cell line in which greater than 10~o of the total soluble protein is a polypeptide related to SV40 small t-antigen. Christman et al. (1982) and Ringold et al. (1982) have performed similar experiments and generated cell lines over-expressing the human hepatitis B virus surface antigen and E. coli XGPRT, respectively. This approach has a great deal of appeal because it does not involve complex manipulations to insert genes into viral vectors, the exogenous gene is carried in the chromosome and the result is a cell line which expresses extremely high levels of the desired protein.
Regulatable promoters
In all of the systems discussed above it would be extremely advantageous for the transcription of the cloned gene to be driven by a regulatable promoter so that expression could be switched on or off at the investigator's convenience. Two such systems have been explored so far. Metallothioneins are metal-binding proteins, the synthesis of which is inducible at the level of transcription by heavy metal. Hamer & Walling (1982) have cloned the mouse metallothionein gene into both a SV40 virus and into a SV40 plasmid vector, transfected the resulting recombinants into monkey cells and shown that transcription of the metallothionein gene is induced 10-to 30-fold by 5 gM-CdCI2. Palmiter et al. (1982) have produced transgenic mice carrying a hybrid gene in which HSV tk coding sequences are joined to the metallothionein promoter and have shown that Cd z+ will induce transcription of this in the animal. The metallothionein promoter, which has been partially characterized, thus provides a conveniently regulated control element which can be incorporated into eukaryotic vectors. The promoter present in the LTR of mouse mammary tumour virus (MMTV) is regulated by the synthetic glucocorticoid dexamethasone, apparently by direct interaction between the hormone receptor complex and sequences within the LTR (Govinden et al., 1982) . Lee et al. (1981) have shown that the expression of an exogenous gene linked to this promoter is regulated by dexamethasone but the induction ratio is low. Many experiments would be greatly facilitated by the isolation and incorporation into vectors of a eukaryotic promoter from which transcription could be regulated over several orders of magnitude.
CONCLUSIONS
The examples discussed above show clearly that the development of vectors for use in eukaryotic cells is presently proceeding very rapidly. Knowledge gained from the use of one type of vector defines the design criteria for the next type and thus many systems become obsolete before they are fully developed. Some future work can be predicted with reasonable certainty. The vast majority of future vectors will incorporate dominant selectable markers and regulatable promoters and we can expect to see vectors containing several different origins of DNA replication so that their replication can be controlled in several ways. In parallel with these refinements will occur the development of eukaryotic vectors suitable for the primary cloning of genomic DNA or cDNA. This will be of the greatest importance as it will allow the immunological or phenotypic recognition of genes by virtue of their expression in eukaryotic cells, thus facilitating the isolation of eukaryotic genes which can not be detected by the techniques available for screening prokaryotic clones. The use of such vector systems will surely be a central feature of all future work in eukaryotic molecular biology.
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